Introduction {#sec1}
============

Aligned one-dimensional binary oxide semiconductors on various substrates have attracted a lot of attention due to their potential applications in photocatalysts, photoelectrochemical (PEC) electrodes, and gas sensors.^[@ref1]−[@ref4]^ Hematite (α-Fe~2~O~3~) is gaining importance in photoactivated device and gas sensor applications because it is an n-type semiconductor, low cost, highly chemically and thermally stable, and nontoxic.^[@ref5]−[@ref8]^ Recently, one-dimensional hematite-based nanomaterials have been fabricated by employing various synthesis routes such as a hydrothermal method with a calcination process,^[@ref7],[@ref9]^ solvothermal route with the assistance of ionic liquid,^[@ref10]^ and thermal oxidation of iron foil.^[@ref11]^ Among these synthesis routes, the hydrothermal method is an effective and low-cost method to produce a large and uniform aligned hematite nanorods with a desirable crystalline quality on various substrates.

The efficiency of the α-Fe~2~O~3~ for the photoactivated devices is still far from the theoretical values because of its short excited state life, short hole diffusion length, poor surface oxygen evolution reaction kinetics, and poor electrical conductivity.^[@ref12]^ Moreover, the limited potential barrier numbers in the crystalline one-dimensional α-Fe~2~O~3~ rods also hinder their gas-sensing response upon exposure to various target gases.^[@ref13]^ To overcome the abovementioned drawbacks, surface treatment and impurity doping of the hematite have been explored to enhance its electronic and optical properties.^[@ref5],[@ref7],[@ref14]^ However, the surface treatment of the hematite crystals limits degrees of freedom in tuning their functionality, and effective doping with a desirable concentration in the hematite crystals is hard to be controlled during the hydrothermal growth because of their low reaction temperature. Due to peculiar properties that originated from their individual phases, composite or heterogeneous materials are a promising approach to design the hematite-based rods with enhanced and desirable functionalities.^[@ref15]^ Sputtering has advantages of easy process control, large area thin-film deposition, and controllable microstructures for growing thin oxide layers.^[@ref16]^ A two-step synthesis method integrated with a sputtering route to fabricate heterogeneous oxide rods has been widely realized in several composite oxide rod systems.^[@ref17],[@ref18]^ According to the thermodynamic requirement of a photocatalytic reaction, the redox potential of the valence band hole must be sufficiently positive to generate hydroxyl radicals and that of the conduction band electron must be sufficiently negative to generate superoxide radicals. Therefore, ZnO is reported to be used as a major component of photocatalysts;^[@ref2],[@ref19]^ moreover, its stable chemical and n-type semiconducting properties make it suitable for use as gas-sensing materials.^[@ref20]^ Based on the aforementioned discussions, the construction of α-Fe~2~O~3~ rods coupled with the ZnO crystal to form a heterogeneous system is beneficial to isolate the oxidation reaction due to the holes, and the reduction reaction due to the electrons at two different phases further prevents the photoinduced charge recombination. Furthermore, the incorporation of the ZnO crystals into the α-Fe~2~O~3~ rods increases the potential barrier heights at the α-Fe~2~O~3~/ZnO heterojunctions, which might be an important factor in dominating the resistance variation of the heterogeneous rods upon exposure to target gases and enhancing their gas-sensing performance.

In this study, α-Fe~2~O~3~ rod templates with two different morphologies were synthesized by hydrothermal methods. Furthermore, the Fe~2~O~3~--ZnO heterogeneous rods were synthesized via a sputtering-assisted ZnO growth method. The correlations among the phase constitution, microstructure, photoactivity, and gas-sensing activity of the heterogeneous rods were systematically investigated. The mechanisms for the description of enhanced photoactivity and gas-sensing activity of α-Fe~2~O~3~--ZnO composite rods were also proposed herein to explore their possible scientific device applications.

Results and Discussion {#sec2}
======================

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a,b shows the typical SEM images of the F-1 and F-2 rods, respectively. In [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a, the exhibited side wall morphology of the F-1 rods grown with a lower urea addition was quite irregular and undulated, similar to a rod composed of interconnected spherical particles along its axis. The individual F-1 rods had an average diameter of approximately 45 nm; however, most of the F-1 rods were inclined to connect with the adjacent counterparts to form F-1 rod bunches with a substantially increased size of 120--200 nm. The individual F-2 rod formed with a higher urea addition exhibited a regular rectangular cross section and an average size of approximately 120 nm ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). Comparatively, the F-2 rods exhibited a more free-standing rod-like feature without a seriously bunched feature among the rods. The chemical reactions leading to the formation of Fe~2~O~3~ rods herein followed the equations^[@ref21]^

![SEM top-view images of various rod samples. (a) F-1, (b) F-2, (c) F-1-Z, and (d) F-2-Z. The cross-sectional SEM images of composite rods. (e) F-1-Z and (f) F-2-Z.](ao0c02107_0001){#fig1}

The SEM analysis revealed that the urea concentration (pH regulating agent) in the precursor solution affected the appearance of the α-Fe~2~O~3~ rods. As the molar ratio of urea/FeCl~3~ increased, the morphology of one-dimensional FeOOH precipitates on the FTO substrates changed due to the increase in the release of hydroxide ions in the intermediates, which is clearly evident from the SEM images.^[@ref21]^ In the presence of urea, the hydrothermal crystal growth reaction can be regarded as composite coordination and recrystallization processes.^[@ref22]^ The urea can coordinate with Fe ions to form complex compounds along with the release of OH to facilitate the recrystallization of products.^[@ref23]^ The lower urea concertation in the reaction solution tends to slow down the formation reaction process of FeOOH, which consequently results in irregular side wall morphology when there is preferential crystal growth of one-dimensional intermediates according to [eqs [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} and [2](#eq2){ref-type="disp-formula"}. The F-1 rods with a rugged side wall rod morphology were therefore formed after postannealing the intermediates because of the lower urea concentration in the reaction solution. Notably, tiny pores existed on the top region of the F-2 rods ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b); this is associated with the removal of H~2~O from the precursor FeOOH rods during calcination ([eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}). These pores might increase the accessible surface area and provide more active sites for surface reactions with environmental molecule agents. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c,d shows SEM images of the F-1-Z and F-2-Z composite rods, respectively. Following the ZnO thin layer modification, the Fe~2~O~3~ crystals still maintained their one-dimensional geometry, and most regions of the rods are covered with 10--20 nm-sized ZnO nanoparticles. The decoration of the ZnO coverage layer through sputtering deposition engendered a rough surface and a coarsened rod diameter of the pristine Fe~2~O~3~ rods. Moreover, the corresponding cross-sectional view of the SEM micrographs in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}e,f reveals that the average lengths of the F-1-Z and F-2-Z composite rods are approximately 1.5 μm; all composite rods are vertically aligned on the FTO substrates.

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows the XRD patterns of F-1, F-2, F-1-Z, and F-2-Z samples. Several distinct and sharp Bragg reflections of (012), (104), (110), (113), (024), and (116) rhombohedral α-Fe~2~O~3~ (JCPDS no. 00-033-0664) are visibly presented in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a,b; the samples are in well-crystalline features. No impurity peaks for FeOOH, Fe~3~O~4~, and γ-Fe~2~O~3~ are presented in the XRD pattern, whose phases have been observed in several hydrothermally derived Fe~2~O~3~ crystals.^[@ref24],[@ref25]^ Furthermore, the intensities of (104) and (110) main diffraction peaks in the F-2 sample are more intense than those of the F-1 sample, indicating a higher crystalline quality of the Fe-2 rods. Notably, extremely high intensity of the (110) peak was observed in the hydrothermally derived Fe~2~O~3~ rods herein, revealing the crystals were mostly inclined to a \<110\> orientation. A similar crystal growth orientation feature has been observed in α-Fe~2~O~3~ crystals synthesized via the chemical vapor deposition and hydrothermal method.^[@ref21],[@ref26]^ Following the ZnO modification, [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c,d shows additional two distinct Bragg reflections centered at approximately 31.8 and 34.3^o^, which can be indexed to the (100) and (002) planes of hexagonal ZnO, respectively (JCPDS no.00-036-1451). The XRD results demonstrated that the Fe~2~O~3~--ZnO composite rods with a good crystallinity were successfully formed through the sputtering deposition of the ZnO coverage layer onto the surfaces of the hydrothermally derived Fe~2~O~3~ rods.

![XRD patterns of various rod samples. (a) F-1, (b) F-2, (c) F-1-Z, and (d) F-2-Z. Notably, F and Z denote Fe~2~O~3~ and ZnO, respectively.](ao0c02107_0003){#fig2}

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a shows a low-magnification TEM image of the F-1-Z composite rod. The surface of the composite rod exhibited a rugged morphology, which is fully sheathed by a ZnO crystallite layer along the entire rod. The rod has a diameter ranging from 95 to 110 nm, which is consistent with the SEM observation. The high-resolution (HR) TEM images taken from various regions of the composite rod are displayed in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b--d. In these HR images, the distinct lattice fringes with distinguishable spacings of approximately 0.25 and 0.37 nm are ascribed to the interplanar distances of the (110) and (012) planes of the rhombohedral α-Fe~2~O~3~ phase, respectively. Furthermore, the measured ordered lattice fringe spacing of 0.26 nm was ascribed to the interplanar distance of the (002) plane for the hexagonal ZnO. The HRTEM images demonstrated the formation of the Fe~2~O~3~--ZnO composite rod with a good crystalline quality. Notably, in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d the distinguishable and sharp contacted lattice fringes between the α-Fe~2~O~3~ rod and ZnO coverage layer discovered that the Fe~2~O~3~--ZnO heterojunctions were sharply formed in the composite rod. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e depicts the selected area electron diffraction (SAED) pattern recorded from several composite rods. The concentric rings could be attributed to diffraction from the (012), (104), and (110) planes corresponding to the α-Fe~2~O~3~ rods and the (100), (002), and (101) planes corresponding to the wurtzite ZnO coverage layer. The SAED analysis agrees with the XRD pattern, revealing that crystalline Fe~2~O~3~--ZnO composite rods were formed herein. The elemental mapping images were further used to analyze the distribution of Fe, Zn, and O in a Fe~2~O~3~--ZnO composite rod ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}f). The EDS mapping images clearly identified the spatial distributions of Fe, Zn, and O in the composite rod structure. The O element existed in the entire region of the composite rod. The Fe element was confined in the inner region of the composite rod. In particular, the Zn element shows a more intense signal in the peripheral region of the composite rod, demonstrating the main element being distributed in the outer shell of the composite rod. It clearly shows a thin ZnO layer coated on the Fe~2~O~3~ rod with a thickness ranging from 24 to 41 nm.

![TEM analysis of the F-1-Z composite rod. (a) Low-magnification image. (b)--(d) HR images taken from local regions in panel (a). (e) SAED pattern taken from several composite rods. (f) Zn, Fe, and O elemental mapping images of the composite rod.](ao0c02107_0004){#fig3}

[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a presents a low-magnification TEM image of the F-2-Z composite rod. The diameter of the composite rod is obviously larger than that of the F-1-Z rod. The diameter of the F-2-Z composite rod was approximately 230 nm herein. Notably, following the ZnO modification, the surface of the F-2-Z composite rod was smoother than that of the F-1-Z rod as exhibited in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a. This is associated with the flat surface feature of the rectangular F-2 rod. In the HRTEM images ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b--d), the ordered lattice fringes in the outer region of the composite rod revealed the coverage of well-crystallized ZnO crystals on the surface of the composite rod. A lattice fringe spacing of approximately 0.37 nm corresponded to the interplanar distance of rhombohedral α-Fe~2~O~3~ (012). Furthermore, a lattice fringe spacing of 0.26 nm in the HR images demonstrated the interplanar distance of hexagonal ZnO (002). The SAED pattern taken from the several F-2-Z composite rods revealed a crystalline feature and a composite structure of the rhombohedral α-Fe~2~O~3~ rods sputtering coated with the hexagonal ZnO thin film ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}e). Furthermore, elemental line-scan profiles of Fe, Zn, and O across the F-2-Z composite rod are displayed in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}f. The cross-sectional line-scan profiles revealed that the Zn element was well distributed around the Fe~2~O~3~ rod, showing the formation of the compositionally defined composite structure of the F-2-Z rod. The EDS elemental mapping analysis corresponding to an individual F-2-Z composite rod ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}g) further confirmed the spatial distributions of Fe, Zn, and O. The O signal was homogeneously distributed over the entire composite rod. Obviously, the Fe signal was detected as an inner rod structure, while Zn signals were detected in the whole region with more intense signals on the peripheral region of the composite rod, indicating the uniform distribution of the thin ZnO layer over the surface of the Fe~2~O~3~ rod. The thin ZnO layer covered on the Fe~2~O~3~ rod exhibited a thickness ranging from 25 to 45 nm.

![TEM analysis of the F-2-Z composite rod. (a) Low-magnification image. (b)--(d) HR images from local regions in panel (a). (e) SAED pattern taken from several composite rods. (f) EDS line-scan profiling spectra across the composite rod. (g) Zn, Fe, and O elemental mapping images of the composite rod.](ao0c02107_0005){#fig4}

The XPS survey scan spectra of the F-1-Z and F-2-Z composite rods are displayed in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a,b, respectively. Obviously, the distinct Fe 2p, Zn 2p, O 1s, and external C 1s peaks appeared in the Fe~2~O~3~--ZnO composite rods, indicating ZnO was coated on the Fe~2~O~3~ surface. In addition to carbon contamination that originated from exposure of samples to ambient air, no other impurity elements existed in the samples. High-resolution core-level spectra of Zn 2p are presented in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c,d for the F-1-Z and F-2-Z composite rods, respectively. The distinct peaks centered at 1021.6 and 1044.8 eV corresponded to Zn 2p~3/2~ and Zn 2p~1/2~, respectively. The binding energy difference between the Zn 2p~3/2~ and Zn 2p~1/2~ herein was in agreement with the Zn^2+^ binding state in the ZnO lattice.^[@ref27]^[Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}e,f shows the Fe 2p core-level spectra of the F-1-Z and F-2-Z composite rods, respectively. The spectra can be mainly deconvoluted into two doublets. The first doublet has the Fe 2p~3/2~ at 710.9 eV and the Fe 2p~1/2~ at 724.6 eV. This doublet is associated with the Fe^3+^ oxidation state in the Fe~2~O~3~ lattice. Comparatively, the second doublet exhibited a substantially weaker intensity and lower binding energy; the binding energies of Fe 2p~3/2~ and Fe 2p~1/2~ occurred at 709.6 and 723.1 eV, respectively. These binding energies were associated with the Fe^2+^ oxidation state. In addition, the shake-up satellite peak presented at 717.6 eV is a characteristic of Fe^3+^ ions in Fe~2~O~3~.^[@ref28]^ The Fe 2p analysis result demonstrated that the Fe atoms are mainly in the trivalent oxidation binding status in the Fe~2~O~3~ lattice. This is consistent with typical values for Fe~2~O~3~ nanorods formed by the thermal decomposition method.^[@ref29]^ In [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}g,h, the O 1s spectra of the F-1-Z and F-2-Z can be deconvoluted into three subpeaks with the binding energies centered at approximately 530.1, 531.2, and 532.4 eV. The subpeaks at 530.1 and 531.2 eV were indexed to lattice oxygen in the ZnO and Fe~2~O~3~, respectively.^[@ref30],[@ref31]^ In addition, the subpeak at the highest binding energy of 532.4 eV was ascribed to adsorbed water molecules or oxygen species on the oxide surface.^[@ref27],[@ref30]^

![XPS analysis of the Fe~2~O~3~--ZnO composite rods. (a) F-1-Z and (b) F-2-Z survey scan spectra. (c) F-1-Z and (d) F-2-Z Zn 2p narrow scan spectra. (e) F-1-Z and (f) F-2-Z Fe 2p narrow scan spectra. (g) F-1-Z and (h) F-2-Z O 1s narrow scan spectra.](ao0c02107_0006){#fig5}

The light absorption edges of various Fe~2~O~3~ rods and Fe~2~O~3~--ZnO composite rods were located at approximately 580--610 nm as exhibited in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a. The optical bandgap of pure Fe~2~O~3~ rods (F-1 and F-2) was calculated by converting the Kubelka--Munk equation.^[@ref32]^ The estimated band gap is approximately 2.13 and 2.1 eV for the F-1 and F-2 rods, respectively ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b), which is close to the reported value of the Fe~2~O~3~ nanorods prepared by a hydrothermal method with calcination treatments.^[@ref33]^ Comparatively, the light harvesting ability of the F-2 rods are slightly higher than that of the F-1 rods herein. After the deposition of the ZnO coverage layer, the Fe~2~O~3~--ZnO composite rods presented a border light absorption range and a slight redshift at the absorption edge in comparison with the pristine Fe~2~O~3~ rods. Similarly, the coupling of different semiconductors with various bandgaps to form a heterogeneous system has been shown to extend their light harvesting ability.^[@ref34],[@ref35]^ The optical absorbance results herein demonstrated that the formation of a Fe~2~O~3~--ZnO composite structure is beneficial to improve the photoactivity of the pristine Fe~2~O~3~ rods.

![(a) UV--vis diffuse reflectance spectra of various rod samples. (b) Band gap evaluation of F-1 and F-2 rods.](ao0c02107_0007){#fig6}

The photoresponse properties of various rod photoelectrode samples under chopped illumination at 0.35 V are displayed in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a. The Fe-1 and Fe-2 photoelectrodes showed a distinct spike-like transient response under irradiation. The possible cause of this spike transient feature is associated with the whole process of the back reaction, which is regarded as the recombination of the photogenerated charges at the surface states.^[@ref36]^ Notably, the large initial spike transient of the Fe~2~O~3~ rods are extraordinarily decreased after covering the ZnO thin layer, indicating effective suppression of the electron--hole recombination on Fe~2~O~3~--ZnO heterogeneous rods (F-1-Z and F-2-Z). A similar substantial decrease in initial spike transient has been shown in the α-Fe~2~O~3~ nanostructures modified with Sb~2~S~3~ and cobalt phosphate.^[@ref37]^ Moreover, the steady-state photocurrent density of the Fe~2~O~3~ nanorods was enhanced via decoration of the ZnO coverage layer in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a. F-1-Z and F-2-Z photoelectrodes retained a much higher current density than that of the parent F-1 and F-2 photoelectrodes, respectively. The F-1 and F-2 photoelectrodes demonstrated an average photocurrent density of 0.009 and 0.011 mA/cm^2^, respectively, whereas the F-1-Z and F-2-Z photoanodes showed an average photocurrent density of 0.033 and 0.038 mA/cm^2^, respectively. The photoresponse magnifications of the F-1 and F-2 were 1.8 and 2.4, respectively, upon light irradiation. Moreover, the photoresponse magnifications of the F-1-Z and F-2-Z were 21.9 and 27.5, respectively, upon exposure to light. The F-2-Z exhibited the highest photoresponse among various rod samples herein. The photocurrent versus time curves demonstrated the remarkable improvement of photoelectric conversion efficiency in the Fe~2~O~3~ via a construction of a heterogeneous system with the ZnO in this study. The charge carrier concentration on the interface of the semiconductor electrode and electrolyte were investigated by Mott--Schottky (M-S) analysis. Normally, the greater the charge carrier concentration on the interface, the better the photocatalytic activity is. This is because more charge carriers are involved in photocatalytic reactions.^[@ref38]^ The M-S analysis ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b) is employed to determine the charge separation efficiency and flat band potential (*E*~fb~) at the interface of the rod samples and electrolyte. The calculation is based on the following equation:^[@ref39]^Here, *C* is the specific capacitance, *e*~o~ is fundamental electric charge, ε is the dielectric constant of Fe~2~O~3~ (approximately 80), ε~o~ is the permittivity of vacuum, *T* is the temperature, and *k* is the Boltzmann constant. According to [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"}, a straight line can be drawn using a plot of 1/*C*^2^ versus *V*, and *V*~fb~ is determined by the intercept with the *X* axis (potential) as revealed in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b. A flat band potential of approximately −0.55 V (versus Ag/AgCl) was determined from the intercept on the *X* axis for the F-1 and F-2, while for the F-1-Z and F-2-Z, the flat band exhibits a negative shift of approximately 20 mV, indicating that a quasi-Fermi level of the Fe~2~O~3~--ZnO band bends upward due to the decoration of ZnO crystals.^[@ref37]^ All of the slopes of the M-S curves are positive, indicating the n-type feature of various rod samples, consistent with the semiconductor characteristic of pristine Fe~2~O~3~ and ZnO. In addition, the curves of Fe~2~O~3~--ZnO composite rods exhibited smaller tangent lines compared to those of the pristine Fe~2~O~3~ sample electrode, indicating an increased donor density in the Fe~2~O~3~--ZnO composite structures due to the formation of a heterojunction. The above result also proves that the ZnO decoration on the Fe~2~O~3~ rods effectively enhanced the charge separation efficiency of the Fe~2~O~3~. Furthermore, the slopes of tangent lines for M-S plots of the F-1-Z and F-2-Z composite rods were 6.6 × 10^--2^ and 5.5 × 10^--2^, respectively. The smaller linear fitting slope of the F-2-Z suggested its higher charge carrier concentration and photoactivity compared with F-1-Z. [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}c shows Nyquist plots of various rod samples under light irradiation. The semicircles obtained at the higher frequency region are smaller for the Fe~2~O~3~--ZnO as compared with that for pristine Fe~2~O~3~ rods, showing that the heterogeneous structure possessed a more effective separation of photogenerated electron--hole pairs and faster interfacial charge transfer.^[@ref1],[@ref2]^ The corresponding equivalent circuit diagrams of [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}d,e were used to evaluate the charge-transfer resistance (*R*~ct~) of the Fe~2~O~3~ rod samples and Fe~2~O~3~--ZnO composite rod samples, respectively. Notably, the series resistance *R*~e~ is composed of ionic resistance of the electrolyte. *C*~lb~ is the equivalent electrical circuit component. *Z*~w~ is the Warburg impedance.^[@ref40]^ By using the equivalent circuit illustrated, we obtained the *R*~ct~ of the Fe~2~O~3~ rods and Fe~2~O~3~--ZnO composite rods. The *R*~ct~ values of the F-1 and F-2 samples were 503 and 421 ohm, respectively, while the *R*~ct~ values of F-1-Z and F-2-Z were approximately 101 and 89 ohm, respectively. The heterogeneous Fe~2~O~3~--ZnO demonstrated a higher charge transfer ability than that of the pristine Fe~2~O~3~ herein. Moreover, the F-2-Z exhibited the highest charge transfer ability at the interfacial region. Overall, the results manifest that the decoration of the ZnO coverage layer successfully enhanced the charge separation and transportation and in turn reduce the interfacial resistance. Room-temperature PL spectra of the F-1-Z and F-2-Z composite rods are shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}e to further investigate the photoactivity difference among various composite rods. Each sample shows a sharp UV emission peak and a broad visible emission peak at 450--800 nm. The UV emission peak is ascribed to the near-band edge emission from the outer ZnO coverage layer of the composite rods.^[@ref41]^ The generation of a wide emission peak in the visible-light region is usually affected by crystal defects on the surface of composite rods; a similar visible emission band has been observed in the Fe~2~O~3~--ZnO composite nanosheets.^[@ref42]^ The Fe~2~O~3~--ZnO composite structure herein composed a ZnO crystalline layer on the surface of the Fe~2~O~3~ rods. Therefore, the variation of UV emission peak intensity is useful in comparing the recombination rate size of photoexcited electron--hole pairs in the ZnO coverage layer. A lower PL intensity of the near-band edge emission indicates a decrease in a recombination rate and thus a higher photoactivity of the semiconductors.^[@ref19],[@ref27]^ Comparatively, a more intense quench of the UV emission peak intensity was observed in the F-2-Z rods, confirming the more efficient spatial separation of photoinduced charges in F-2-Z rods. The PL result herein is consistent with the earlier PEC results.

![(a) Current density versus time curves with chopped light irradiation of various rod samples. (b) Motte--Schottky plots of various rod samples. (c) Nyquist plots of various rod samples. (d) Possible equivalent circuit of the Fe~2~O~3~ rod samples. (e) The possible equivalent circuit of the Fe~2~O~3~--ZnO composite rod samples. (f) PL spectra of the F-1-Z and F-2-Z composite rods](ao0c02107_0008){#fig7}

[Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a--d shows the typical irradiation time-dependent absorption spectra of the RhB solution after photodegradation with the F-1, F-2, F-1-Z, and F-1-Z rod photocatalysts, respectively. With irradiation duration increased, the intensity of the RhB characteristic absorption peak decreased gradually, suggesting that the RhB dyes were gradually photodegraded by the Fe~2~O~3~ rods and Fe~2~O~3~--ZnO composite rods. [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}e summarizes the results of *C*/*C*~o~ versus irradiation duration. The nearly complete photodegradation (approximately 88%) of the RhB dyes was achieved for the RhB solution containing the F-2-Z photocatalyst after 60 min of irradiation; the F-1-Z photocatalyst degraded 82% of RhB dyes under the same irradiation duration. By contrast, pristine F-1 and F-2 Fe~2~O~3~ rods exhibited low photodegradation performances and only degraded 34 and 40% of RhB dyes after 60 min of irradiation, respectively. Comparatively, all the Fe~2~O~3~--ZnO composite rods exhibited better photocatalytic degradation efficiency than the pristine Fe~2~O~3~ rods. Furthermore, the photodegradation reaction of the RhB catalyzed by the oxide semiconductors herein follows a first-order rate law, −ln(*C*/*C*~o~) = *kt*, where *k* is the apparent rate constant of the degradation.^[@ref1]^[Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}f shows the −ln(*C*/*C*~o~) versus time curves of different rod samples on photodegrading RhB dyes. The *k* was found to be 0.006, 0.008, 0.028, and 0.035 min^--1^ for the rod samples of F-1, F-2, F-1-Z, and F-2-Z, respectively. The result demonstrates that the photodegradation performance of the rod samples follows the order F-2-Z \> F-1-Z \> F-2 \> F-1. The photodegradation efficiency of the Fe~2~O~3~--ZnO composite rods is better than that of pristine Fe~2~O~3~ rods, which is associated with the complex band configuration of the Fe~2~O~3~/ZnO heterostructures. As shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}g, the enhancement of the photocatalytic efficiency of composite rods toward RhB dyes could be ascribed to the favorable synergistic effect between Fe~2~O~3~ and ZnO. The position of ZnO and Fe~2~O~3~ bands has a type II alignment where the conduction band edge (−0.4 eV) of ZnO is located between the conduction band (−0.55 eV) and the valence band (1.55 eV) of Fe~2~O~3~. The photogenerated electrons in the conduction band of Fe~2~O~3~ can transfer to the conduction band of ZnO under irradiation. This heterogeneous band alignment can promote the separation of photogenerated electrons and holes at the Fe~2~O~3~/ZnO interface and reduce the electron--hole recombination probability in the composite rods.^[@ref17],[@ref19],[@ref43]^ Consequently, the photogenerated holes and electrons were transferred to the surfaces of Fe~2~O~3~ and ZnO, respectively, according to the proposed heterogeneous band alignment. The holes in the Fe~2~O~3~ surface will act with water molecules and finally form as hydroxyl radicals (^·^OH). Moreover, the super oxygen radicals (^·^O~2~^--^) would be formed by the combination of electrons with O~2~ adsorbed on the surface of ZnO. These super oxygen radicals acted with water molecules and further formed hydroxyl radicals to decompose RhB dyes. A similar band alignment effect in the heterogeneous systems composed of wide band gap and narrow band gap semiconductors, leading to the high transfer rate of photoinduced charge carriers at the interface, has been shown in TiO~2~--ZnFe~2~O~4~ and ZnO--Sn~2~S~3~ systems.^[@ref17],[@ref19]^

![Time-dependent absorption spectra of the RhB solution after photodegradation with (a) F-1, (b) F-2, (c) F-1-Z, and (d) F-2-Z. (e) Plot of *C*/*C*~o~ versus irradiation duration. (f) Plot of −ln(*C*/*C*~o~) versus irradiation duration. (g) Possible schematic diagram of the photodegradation process of the RhB solution containing Fe~2~O~3~--ZnO composite rods.](ao0c02107_0009){#fig8}

The operating temperature-dependent 500 ppm acetone vapor-sensing responses of the sensor made from F-2-Z composite rods are shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}a. The acetone vapor-sensing response increased along with the operating temperature and reached a maximum value at 325 °C, suggesting that a resultant equilibrium between the surface reaction with acetone vapor molecules and the diffusion of acetone vapor molecules to the composite rods' surfaces occurred at 325 °C.^[@ref18],[@ref44]^ Therefore, the optimal operating temperature is determined to be 325 °C for the subsequent gas-sensing tests of the Fe~2~O~3~--ZnO composite rods. [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}b--e shows the dynamic response curves of the sensors made from F-1, F-2, F-1-Z, and F-2-Z rods, respectively, exposed to 25--500 ppm acetone vapor at an operating temperature of 325 °C. The well acetone vapor concentration-dependent cyclic resistance change curves of various rod-based gas sensors were shown in this study. The dynamic-sensing response curves herein can be described as a decrease in the sensor resistance upon exposure to acetone vapor, and the sensor resistance completely recovers to the initial state upon the removal of acetone vapor. This is attributable to the gas-sensing behavior of the n-type oxide semiconductors.^[@ref45]^ The acetone vapor-sensing responses versus the acetone concentration for various sensors based on rod samples are summarized in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}f. The responses of the F-1, F-2, F-1-Z, and F-2-Z sensors upon exposure to 25 ppm acetone vapor are 2.1, 2.5, 3.2, and 4.1, respectively. Moreover, the responses of the F-1, F-2, F-1-Z, and F-2-Z sensors upon exposure to 500 ppm acetone vapor are approximately 5, 7, 28, and 36, respectively. Notably, the Fe~2~O~3~--ZnO composite rods showed a higher acetone vapor detection ability than the pristine Fe~2~O~3~ rods. Moreover, the F-2-Z sensor showed the highest acetone vapor response among all samples at the given test conditions. Compared with the pristine Fe~2~O~3~ rods, the improved acetone vapor-sensing property of the Fe~2~O~3~--ZnO composite rod sensors can be mainly attributed to the heterojunction formed between the Fe~2~O~3~ and ZnO. The work function of ZnO is lower than that of α-Fe~2~O~3~, thus the electrons in the Fermi level of ZnO would transfer to the Fermi level of α-Fe~2~O~3~ until their Fermi levels equalized.^[@ref46]^ Hence, an electron depletion layer is formed at the heterojunction interface, which plays an important role in the resistance variation of the sensor upon exposure to the target gas. Several reports have demonstrated that the formation of a heterojunction can improve the gas-sensing responses of various composites or heterostructures.^[@ref13],[@ref18],[@ref47]^ For metal oxide gas sensors, the change of sensor resistance is mainly caused by the adsorption and desorption of gas molecules on the surface of the sensing materials. The difference of the acetone vapor sensing mechanisms of the pristine Fe~2~O~3~ and Fe~2~O~3~--ZnO sensors can be explained by the modulation model of the depletion layer.^[@ref48]^ In [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}a, oxygen molecules were adsorbed on the surface of the Fe~2~O~3~ rod and ionized to surface-adsorbed oxygen species by capturing free electrons from Fe~2~O~3~ in ambient air, as shown in [eq [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"}

![(a) Gas-sensing responses versus the operating temperature of the F-2-Z sensor upon exposure to 500 ppm acetone vapor. Cyclic resistance change curves of various sensors exposed to 25--500 ppm acetone vapor concentrations. (b) F-1, (c) F-2, (d) F-1-Z, and (e) F-2-Z. (f) Summarized acetone vapor-sensing responses of various sensors exposed to 25--500 ppm acetone vapor.](ao0c02107_0010){#fig9}

![Acetone vapor-sensing mechanisms of the various sensors. (a) Pristine Fe~2~O~3~ rods and (b)Fe~2~O~3~--ZnO composite rods.](ao0c02107_0002){#fig10}

As a result, an electron depletion layer forms on the surface region of the Fe~2~O~3~ rod, leading to a high resistance of the sensor. In the presence of acetone vapor, the acetone molecules will react with the former adsorbed oxygen species and make the captured electrons be released back to the conduction band of the Fe~2~O~3~, according to the following equation:

Thus, the free electron concentration increases, and the measured resistance of the sensor decreases finally. By contrast, [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}b shows the schematic diagram of the acetone vapor-sensing mechanism of the Fe~2~O~3~--ZnO sensor. When the Fe~2~O~3~--ZnO rods are exposed in ambient air, an electron depletion layer would be formed near the surface of the ZnO shell layer, and an additional electron depletion layer would form at the interface between the Fe~2~O~3~ and ZnO. Furthermore, it has been revealed that the semiconductor oxides exhibit obvious gas-sensing capability when the crystal size is comparable to their Debye length.^[@ref27],[@ref49]^ In this work, the coverage thickness of the ZnO film onto the Fe~2~O~3~ rods is in the range of approximately 25--45 nm, which is closely to the reported Debye length of ZnO,^[@ref49]^ leading to the most electrons in ZnO being depleted, and this has a positive effect on the gas response. Thus, the two conjugated electron depletion layers should increase the overall potential barrier heights in the composites, making the Fe~2~O~3~--ZnO rods highly resistive compared to the pristine Fe~2~O~3~. Furthermore, when the Fe~2~O~3~--ZnO rods are exposed to the acetone vapor, the acetone molecules are oxidized by the surface adsorbed oxygen anions, and the trapped electrons are released back to the conduction band of the oxide semiconductors. This leads to a decreased width of surface and interfacial depletion layers and increased carrier concentration in the composite rods. Therefore, a greater size of resistance variation of the sensors based on the Fe~2~O~3~--ZnO composite rods than that of the pristine Fe~2~O~3~ after introducing acetone vapor into the test chamber is expected. The response and recovery times of the pristine Fe~2~O~3~ rods upon exposure to acetone vapor was shortened by ZnO modification. The F1 sensor exhibited a response time in the range of approximately 9--13 s upon exposure to 25--500 ppm acetone vapor. The F2 sensor displayed a response time in the range of 9--11 s after being exposed to 25--500 ppm acetone vapor. Notably, the response times of the F-1-Z and F-2-Z sensors were shortened to 7--9 and 6--8 s, respectively, upon exposure to 25--500 ppm acetone vapor. Moreover, the recovery time of the Fe~2~O~3~ rods was substantially reduced via ZnO crystal decoration. For F-1 and F-2 sensors, the recovery times were reduced from 72--128 to 65--100 s and 50--68 to 43--58 s, respectively, upon exposure to 25--500 ppm acetone vapor with ZnO modification. [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} compares the gas-sensing responses of various Fe~2~O~3~-based composites exposed to appropriate acetone vapor concentrations at the similar operating temperatures.^[@ref50]−[@ref53]^ The F-2-Z composite rods in this study presented superior acetone vapor-detecting ability among the various reference works.

###### Acetone Vapor-Sensing Performance of Various Fe~2~O~3~-Based Composites Prepared Using Various Routes under Similar Gas-Sensing Test Conditions^[@ref50]−[@ref53]^

  materials                    synthesis method                         morphology      operating temperature (°C)   concentration (ppm)   response(*R*~a~/*R*~g~)
  ---------------------------- ---------------------------------------- --------------- ---------------------------- --------------------- -------------------------
  Fe~2~O~3~--ZnO (this work)   hydrothermal + sputtering                nanorod         325                          500                   36
  CuFe~2~O~4~--Fe~2~O~3~       facile template-induced + hydrothermal   hollow sphere   300                          500                   23
  rGO--Fe~2~O~3~               homotaxial electrospinning method        nanofiber       375                          250                   8
  Fe~2~O~3~--CuO               facile carbon sphere template method     hollow sphere   380                          500                   16
  Fe~2~O~3~/C~3~N~4~           hydrothermal + pyrolysis                 nanotube        350                          500                   5

Conclusions {#sec3}
===========

In summary, the crystalline Fe~2~O~3~--ZnO composite rods were initially synthesized through a combination of hydrothermal and sputtering methods. The low content of urea in the hydrothermal process resulted in the round cross-sectional Fe~2~O~3~ rods; moreover, a high urea concentration caused formation of the Fe~2~O~3~ rods with a rectangular cross-sectional morphology. The decoration of a thin ZnO coverage layer onto the surfaces of the Fe~2~O~3~ rod templates enhanced the composite rods' light harvesting ability. Moreover, the PEC and EIS results show an increased photoinduced charge separation efficiency in the Fe~2~O~3~--ZnO composite system because of the suitable type II band alignment between the Fe~2~O~3~ and ZnO. These factors explained the superior photodegradation performance of the RhB solution containing the Fe~2~O~3~--ZnO composite rods than that of pristine Fe~2~O~3~ rods. Furthermore, the acetone vapor-sensing tests show that the sensors made of the Fe~2~O~3~--ZnO composite rods are more sensible to detect acetone vapor than the sensors made of pristine Fe~2~O~3~ rods at the given test conditions. The formation of the Fe~2~O~3~/ZnO heterojunctions in the composite rods accounted for the enhanced acetone vapor-sensing ability of the composite rods herein. Design and tuning crystalline Fe~2~O~3~ rods with desirable photocatalytic and gas-sensing properties can be achieved through sputtering-assisted decoration of the thin ZnO coverage layer onto the Fe~2~O~3~ rod templates in this study.

Experimental Methods {#sec4}
====================

One-dimensional Fe~2~O~3~ rods were synthesized using a hydrothermal method. FeCl~3~·6H~2~O (0.757 g) and 0.27 g (or 0.36 g) of urea dissolved in distilled water (15 mL) were used as the precursor solution. Then, 12.5 mL of the precursor solution was transferred into a Teflon-lined autoclave. The hydrothermal crystal growth was carried out at 100 °C for 24 h. After the hydrothermal reaction, the autoclave was cooled to room temperature naturally. Subsequently, the deposited samples were rinsed repeatedly with deionized water and annealed at 500 °C for 30 min to get the desired crystalline phase (α-Fe~2~O~3~). The notations for the Fe~2~O~3~ rod samples prepared with 0.27 g and 0.36 g urea are F-1 and F-2, respectively.

The Fe~2~O~3~--ZnO composite rods were synthesized using radio frequency (rf) sputtering deposition of a ZnO thin film onto the surfaces of the Fe~2~O~3~ rod templates. During the ZnO thin film deposition, the working pressure was kept at 20 mTorr. The rf sputtering power was performed at 90 W with a ZnO target (3 inches in diameter), and the Ar/O~2~ ratio was maintained at 4/1. The thin film growth temperature was maintained at 375 °C during the sputtering processes. Herein, F-1-Z and F-2-Z were denoted as F-1 and F-2 Fe~2~O~3~ rods coated with the ZnO thin film layer, respectively.

Sample crystal structures were investigated by X-ray diffraction (XRD). The morphologies of various rod products were characterized by scanning electron microscopy (SEM). Transmission electron microscopy (TEM) was used to investigate the microstructure and composition of the composite rod samples. The diffuse reflectance spectra of various rod samples were recorded by using a UV--vis spectrophotometer. The elemental binding states of the as-synthesized samples were explored by X-ray photoelectron spectroscopy (XPS). Photoluminescence (PL) spectra of the samples were recorded with the aid of a luminescence spectrometer with excitation at 325 nm at room temperature. Moreover, photoelectrochemical (PEC) properties were performed in a three-electrode electrochemical working station, where the as-synthesized rod sample was used as the working electrode, a Pt wire was used as the counter electrode, and an Ag/AgCl electrode was used as the reference electrode in an aqueous solution containing 0.5 M Na~2~SO~4~. The Nyquist plots of various samples were measured at the open circuit potential using electrochemical impedance spectroscopy (EIS). Photodegradation tests of various rod samples were performed by comparing the degradation of 10^--5^ M aqueous solution of rhodamine B (RhB) containing various rod samples as photocatalysts under irradiation excited from the 100 W Xe arc lamp. After the photodegradation reaction, the absorbance spectra of the supernatant solution were measured by a UV--vis spectrophotometer. In order to quantify the photodegradation degree of the synthesized rod photocatalysts toward RhB dyes, *C*/*C*~o~ = *I*~t~/*I*~o~ was used to evaluate the photodegradation degree in which *C*~o~ and *C* are the initial and residual concentration of the RhB dye at *t* = 0 and at any irradiation duration *t*, respectively; and *I*~t~ and *I*~o~ are the absorbance intensities at irradiation duration *t* and at *t* = 0, respectively. The gas sensors made from various as-synthesized rod samples were placed in a closed vacuum chamber, and various concentrations of acetone vapor (25, 50, 100, 250, and 500 ppm) were introduced into the test chamber, using dry air as the carrier gas. The sputtering-deposited patterned Pt electrodes with a film thickness of 80 nm were prepared for electric measurements. The gas-sensing response of the gas sensors to acetone vapor is defined as the *R*~a~/*R*~g~. *R*~a~ is the sensor electrical resistance in the dry air, and *R*~g~ is that with introduction of the acetone vapor into the test chamber.
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